The present studies show for the first time that demineralized bone re-calcifies rapidly when incubated at 37°C in rat serum: re-calcification can be demonstrated by Alizarin Red and von Kossa stains, by depletion of serum calcium, and by uptake of calcium and phosphate by bone matrix. Re-calcification is specific for the type I collagen matrix structures that were calcified in the original bone, with no evidence for calcification in periosteum or cartilage. Re-calcification ceases when the amount of calcium and phosphate introduced into the matrix is comparable to that present in the original bone prior to demineralization, and the re-calcified bone is palpably hard. Re-calcified bone mineral is comparable to the original bone mineral in calcium to phosphate ratio and in Fourier transform infrared and x-ray diffraction spectra. The serum activity responsible for re-calcification is sufficiently potent that the addition of only 1.5% serum to Dulbecco's modified Eagle's medium causes bone re-calcification. This putative serum calcification factor has an apparent molecular mass of 55-150 kDa and is inactivated by trypsin or chymotrypsin. The serum calcification factor must act on bone for 12 h before re-calcification can be detected by Alizarin Red or von Kossa staining and before the subsequent growth of calcification will occur in the absence of serum. The speed, matrix-type specificity, and extent of the seruminduced re-calcification of demineralized bone suggest that the serum calcification factor identified in these studies may participate in the normal calcification of bone.
This study is a continuation of our investigations into the mechanisms that initiate the normal calcification of bone and the abnormal calcification of arteries and into the mechanisms that inhibit these calcifications. We recently proposed the hypothesis that artery calcification is linked to bone resorption (1, 2) to explain the association between increased bone resorption and increased artery calcification that has been seen in the vitamin D-treated rat (1) , in the osteoprotegerin-deficient mouse (3) , and in patients with postmenopausal osteoporosis (see Ref. 2 for references). One prediction of the hypothesis that artery calcification is linked to bone resorption is that inhibitors of bone resorption should inhibit artery calcification (2) . In previous studies we tested this prediction using three different types of bone resorption inhibitors, each with an entirely different mode of action on the osteoclast, the amino bisphosphonates alendronate and ibandronate (2) , the cytokine osteoprotegerin (4), and the V-H ϩ -ATPase inhibitor SB 242784 (5) . Each bone resorption inhibitor potently inhibited artery calcification.
Ibandronate, osteoprotegerin, and SB 242784 are each highly specific inhibitors of the osteoclast at the concentrations used in these studies and have no known actions on vascular cells. Their ability to potently inhibit vascular calcification is therefore hard to reconcile with the hypothesis that the process is initiated by the action of vascular cells in the artery wall. We have therefore advanced an alternative hypothesis to explain the relation between bone resorption and artery calcification, the hypothesis that a causative agent for artery calcification arises in bone metabolism, travels in blood, and then induces calcification in the artery wall. If the link between bone resorption and artery calcification is blood, then it follows that blood should contain the causative agent for artery calcification. However, because this putative-calcifying agent apparently arises in bone-metabolic processes, it seems likely that its normal physiological function is to participate in the calcification of bone, not arteries, and that artery calcification itself occurs only when there is a breakdown in the normal mechanisms that inhibit calcification in the artery wall, such as matrix Gla protein (6, 7) .
The present experiments were carried out to test the hypothesis that blood contains an agent that participates in the calcification of bone. The results of these experiments demonstrate that serum indeed contains a potent agent (or agents 1 ) that initiates the re-calcification of demineralized bone, and additional experiments were accordingly undertaken to characterize this serum agent.
EXPERIMENTAL PROCEDURES
Materials-42-day-old, 22-day-old (weanling), and newborn albino rats (Sprague-Dawley derived) were purchased from Charles River Laboratories (Wilmington, MD). One calcification medium, termed DMEM, 2 was prepared by supplementing each 500-ml volume of DMEM (Invitrogen) with 5 ml of penicillin-streptomycin (Invitrogen), 1 ml of 10% sodium azide, and 1.1 ml of 0.5 M sodium phosphate buffer, pH 7.4 (final medium P i concentration ϭ 2 mM). The other calcification medium was a physiological buffer that contained 30 mM NaHCO 3 , 120 mM NaCl, 1 mM CaCl 2 , 3 mM sodium phosphate, pH 7.4, and 0.02% azide. Sodium heparin and Alizarin Red S were purchased from Sigma.
Rats were killed by exsanguination while under isoflurane anesthetic (40-and 22-day-old rats) or by decapitation (newborn rats). For serum preparation, blood was allowed to clot for 30 min at room temperature and centrifuged at 1,400 ϫ g for 10 min in a clinical centrifuge.
For plasma, blood was drawn into a heparin-containing syringe to achieve a final heparin concentration of 75 g/ml, and plasma was collected by centrifugation at 1,400 ϫ g for 10 min. Serum was stored in 1-ml aliquots at Ϫ70°C until use, whereas plasma was used immediately after collection. Tibias and calvaria were dissected from newborn rats, demineralized in 0.5 M EDTA, pH 7.5, for 72 h at room temperature using a 300-fold molar excess of EDTA to mineral calcium, washed exhaustively with ultra pure water to remove all traces of EDTA, and stored at Ϫ20°C until use. Tendons were obtained from the tails of 40-day-old rats and extracted with EDTA as described above and dried. Dry tendon segments weighing ϳ3 mg were re-hydrated by overnight equilibration in ultra pure water before use. The University of California, San Diego, Animal Subjects Committee approved all animal experiments.
Re-calcification Procedures-Experiments to examine matrix calcification in rat serum were carried out with 35-mm culture dishes (Falcon 3001) in a humidified incubator at 37°C and 7.5% CO 2 using 2 ml of rat serum, heparin plasma, or physiological buffer, each containing 0.02% sodium azide to prevent bacterial growth. After equilibration with 7.5% CO 2 at 37°C, serum maintained a stable pH value of 7.4 throughout the duration of the 6-day incubation, and the physiological buffer maintained a pH of 7.35. A single wet tibia or calvarium, or a rehydrated tendon (3 mg of dry weight) was added to 2 ml of rat serum, rat plasma, or physiological buffer and placed in the incubator for 6 days. To assess the progress of matrix calcification, 50-l aliquots were removed at the start of the incubation and at each 24 h thereafter and stored frozen until analysis to determine media calcium levels. The effect of adding different amounts of rat serum on the calcification of tibia and tendon was examined using 10 ml of DMEM in 100-mm culture dishes (Falcon 3803) in a humidified incubator at 37°C and 5% CO 2 . A single demineralized tibia or a 3-mg tendon sample (dry weight) was added to each 100-mm plate.
The effect of preincubation in serum on the subsequent calcification of demineralized tibias in DMEM was examined by first preincubating each tibia in 2 ml of rat serum at 37°C and 7.5% CO 2 , then rinsing the tibia for 15 min each in two 10-ml aliquots of DMEM, and finally incubating the washed tibia in 10 ml of DMEM for 5 days at 37°C and 5% CO 2 . Finally, early stages in the serum-induced calcification of demineralized tibia were examined by incubating each tibia in 2 ml of rat serum for the desired time; tibias were then added directly to Alizarin Red stain or fixed in absolute ethanol, embedded in paraffin, sectioned, and stained with von Kossa.
Biochemical Analyses-The procedures used for Alizarin Red and von Kossa staining have been described (8) . For quantitative assessment of calcification, matrices were extracted for 24 h at room temperature with 1 ml of 0.15 M HCl. Calcium levels in serum and in the acid extract of matrices were determined colorimetrically using cresolphthalein complexone (Sigma), and phosphate levels were determined as described (8) .
To characterize the molecular mass of the serum calcification factor, 1 ml of serum from a 40-day-old rat was fractionated over a 25-ml column of Sephacryl S-100HR equilibrated at room temperature with DMEM using a buffer reservoir that was continuously flushed with 5%CO 2 to maintain a pH of 7.4. The absorbance at 280 nm was determined for each 1-ml fraction, small aliquots of each fraction were set aside for electrophoresis, and each fraction was then placed into separate wells of a 24-well tissue culture plate. A single demineralized newborn rat tibia was then added to each well and incubated for 6 days at 37°C and 5% CO 2 . To determine the apparent molecular weight of serum proteins that co-eluted with the serum calcification activity in this experiment, 2-l aliquots of rat serum and of fractions 9, 11, and 14 ( Fig. 5) were electrophoresed on a 4 -12% SDS-polyacrylamide gel and stained with Coomassie Brilliant Blue.
To determine whether the serum factor that initiates bone re-calcification is inactivated by proteases, four 10-ml samples of DMEM were prepared that contained: no serum, 5% rat serum, 5% serum and 1 mg of trypsin, and 5% serum and 1 mg of chymotrypsin. Each solution was preincubated for 24 h at 37°C and 5% CO 2 . A single demineralized newborn rat tibia was then added, and the solutions were incubated for 6 days at 37°C. To assess the effect of preincubation with proteases on the integrity of serum proteins, aliquots of each medium were removed after the 24-h preincubation step, electrophoresed on a 4 -12% SDSpolyacrylamide gel, and stained with Coomassie Brilliant Blue (load: no protease, 10 l medium; protease, 50 l).
Fourier transform infrared spectroscopy (FTIR) was used to analyze the mineral from tibias that were re-calcified by incubation in rat serum or in DMEM containing 5% rat serum and from newborn rat tibia. Ten demineralized tibias were each re-calcified in 2 ml of rat serum for 6 days at 37°C and 7.5% CO 2 . Ten demineralized tibias were also each re-calcified by incubation in 10 ml of DMEM containing 5% rat serum for 6 days at 37°C and 5% CO 2 . The diaphyseal regions were then obtained by dissection from each re-calcified tibia and from 10 nondemineralized newborn tibias. The resulting 30 diaphyseal regions were dried, pooled according to the three treatment groups, and ground with an agate mortar. The samples were analyzed as KBr pellets (3% w/w), and 256 scans were acquired at 4-cm Ϫ1 resolution using a Nicolet Magna IR 550 FTIR spectrometer.
The Re-calcification of Weanling Rat Tibias-Tibias were dissected from thirty 22-day-old rats and cut to remove the bone ends, and the midshaft 1 cm of cortical bone was freed of marrow and cancellous bone. Ten tibias were saved for later analyses, and 20 were demineralized for 72 h with 0.5 M EDTA, pH 7.5. Ten demineralized tibias were each separately incubated for 3 days at 37°C in 2 ml of rat serum, washed twice for 15 min each with 20 ml of 25 mM HEPES buffer, pH 7.4, containing 1 mM calcium, 3 mM phosphate, 100 mM NaCl, 30 mM NaHCO 3 , and 150 g/ml fetuin (Sigma), and then incubated in 20 ml of this buffer in a humidified incubator at 37°C and 5% CO 2 . Ten demineralized tibias were placed directly into 20 ml of this buffer without serum pre-treatment. The incubation buffer was exchanged for fresh buffer every other day for 30 days. At the end of this incubation period, all tibias were dried and weighed (Fig. 11) , and x-rays of each tibia were obtained using a Hewlett-Packard Model 4380N Faxitron x-ray machine. Five tibias from each group were then separately demineralized in 1 ml of 150 mM HCl, and calcium and phosphate levels were determined in each acid extract. The remaining five tibias from each group were pooled according to treatment group and ground with an agate mortar. The resulting powders were first analyzed by XRD using a Scintag SDF 2000 x-ray diffractometer, and a portion of this powder was then analyzed by FTIR.
RESULTS

The Calcification of Demineralized Tibias by Incubation in
Rat Serum or Plasma-The initial test of the hypothesis that blood contains an agent that calcifies bone was carried out using newborn rat tibias that had been first freed of endogenous mineral by 72 h extraction with 0.5 M EDTA, pH 7.5, a procedure that also killed all cells originally found in the bone. The demineralized tibias were placed in 2 ml of serum from 40-day-old rats and incubated for 6 days at 37°C. Fig. 1 shows that demineralized tibias that have been incubated for 6 days in rat serum stain intensely for calcification with Alizarin Red and that the pattern of staining matches that seen in the original tibia prior to demineralization, with intense staining for calcification in the bone in the midshaft region and absence of staining in the cartilaginous tissue at either end of the tibia. Fig. 2 shows that demineralized tibias that have been incubated for 6 days in rat serum also stain for calcification by von Kossa and that the microscopic pattern of calcification is identical to that seen in tibias prior to demineralization, with intense von Kossa staining for calcification in the type I collagen matrix of bone and no evidence for calcification in either the periosteum or in cartilaginous tissue at the bone ends. Examination of the same sections at higher magnification showed that the calcification induced by incubation of demineralized tibias in rat serum is discontinuous, with numerous discrete calcification foci that could reflect individual nucleation events (figure not shown). Identical von Kossa and Alizarin staining patterns were obtained using newborn tibias that had been demineralized in 150 mM HCl for 72 h, or using EDTA-demineralized tibias that had been subsequently extracted with acetone followed by 24-h incubation in 6 M guanidine HCl (data not shown). These results demonstrate that demineralization conditions do not affect the matrix specificity or extent of the serum-induced re-calcification of bone.
The possible re-calcification of demineralized tibias during incubation in serum was further assessed by chemical analysis for calcium and phosphate. Table I shows that incubation in rat serum restored about 60% of the calcium and phosphate found in tibias prior to demineralization and that the molar calcium to phosphate ratio in re-calcified tibias (1.54) is comparable to the molar ratio in tibias prior to demineralization (1.51). Fig. 3 shows that the re-calcification of bone is accompanied by a 1 mM decline in serum calcium levels over the 6-day incubation period, with most of the decline occurring between the second and third days of incubation. The amount of calcium taken up by the tibia during the incubation (1.94 mol; Table I ) accounted for the 2 mol of calcium removed from serum during the incubation (Fig. 3 : 1 mM decline in 2 ml volume ϭ 2 mol).
To determine whether the serum-induced re-calcification of demineralized bone might be a spontaneous process at the calcium and phosphate levels found in rat serum, demineralized tibias were incubated for 6 days in a physiological buffer that contained the same ionic calcium, phosphate, carbonate, and pH as rat serum. This control experiment showed that incubation in physiological buffer did not result in detectable staining for calcification with Alizarin Red (Fig. 1 ) or von Kossa (Fig. 2) and did not cause an uptake of calcium and phosphate by the bone matrix or a significant decline in medium calcium (data not shown). 3 These results indicate that the calcification of demineralized rat bone during incubation in rat serum is not a spontaneous process driven solely by the ionic calcium, phosphate, temperature, and pH conditions of blood, but rather a process driven by a calcification agent found in rat blood.
FIG. 1.
Calcification of demineralized rat tibia, calvaria, and tendon by incubation in rat serum: Alizarin Red staining of whole tissue. Newborn rat tibia and calvaria, and tail tendons from 40-day-old rats were extracted for 72 h with 0.5 M EDTA, pH 7.5, rinsed thoroughly with water, and placed in a 35-mm culture dish containing 2 ml of rat serum or 2 ml of a physiological buffer (1 mM Ca, 3 mM PO 4 , 0.12 M NaCl, 30 mM NaHCO 3 , pH 7.4). Tissues were then placed for 6 days in a humidified incubator at 7.5% CO 2 and 37°C (see "Experimental Procedures"). The images show the Alizarin Red staining for calcification in newborn rat tibia, calvaria, and tendon prior to EDTA extraction and in EDTA-extracted matrices after incubation for 6 days in the indicated media.
FIG. 2.
Calcification of demineralized rat tibia, calvaria, and tendon by incubation in rat serum: von Kossa staining of tissue sections. Demineralized rat tibia, calvaria, and tendon were incubated for 6 days in 2 ml of rat serum or in 2 ml of a physiological buffer (1 mM Ca, 3 mM PO 4 , 0.12 M NaCl, 30 mM NaHCO 3 , pH 7.4) as described in the Additional experiments were carried out to determine whether the re-calcification activity of rat serum is affected by blood coagulation. In this experiment, serum and heparin plasma samples were obtained from the same rats and tested for their ability to cause the re-calcification of demineralized tibias. The results of these experiments showed that incubation of demineralized tibias for 6 days in heparin plasma resulted in Alizarin Red and von Kossa staining for calcification that were identical to the staining seen in demineralized tibias following incubation in serum from the same rat and caused an uptake of calcium and phosphate by tibias that was comparable to that seen in tibias incubated in serum (data not shown). These results demonstrate that the calcification-inducing activity of blood is not significantly affected by blood coagulation.
The Calcification of Demineralized Calvarias by Incubation in Rat Serum or Plasma-Additional experiments were carried out to determine whether the membranous bone of newborn rat calvarias also calcifies spontaneously in serum. Newborn rat calvarias were first freed of endogenous mineral and cells by 72-h extraction with 0.5 M EDTA, pH 7.5, and then incubated in 2 ml of rat serum at 37°C. Figs. 1 and 2 show that demineralized calvarias that had been incubated for 6 days in rat serum stained intensely for calcification with Alizarin Red and with von Kossa. Comparable staining was seen for demineralized calvarias that had been incubated for 6 days in heparin plasma (data not shown). Table I shows that incubation in rat serum restored about 11% of the calcium and phosphate found in calvarias prior to demineralization, and Fig. 3 shows that the re-calcification of demineralized calvarias is accompanied by a 1.6 mM decline in serum calcium levels over the 6-day incubation period. The amount of serum calcium taken up by calvarias during the incubation (2.6 mol; Table I ) is comparable to the 3.2 mol of calcium removed from serum during the incubation. Demineralized calvarias incubated for 6 days in a physiological buffer that contained the same concentration of ionic calcium, phosphate, and carbonate and the same pH as found in rat serum did not stain for calcification (Figs. 1 and 2) and did not cause a decrease in medium calcium or an uptake of calcium and phosphate by the calvarias (data not shown). Table I shows that incubation in serum restored a far lower percentage of the original mineral to calvarias than to tibias. It seemed likely that the lower extent of calvaria re-calcification was attributable to the limited amount of calcium in the 2-ml serum aliquot, which is over 5-fold lower than the calcium content of calvarias prior to demineralization. To test this hypothesis, the re-calcification experiment was repeated with a 1/8 portion of demineralized calvaria, a portion comparable to a tibia in original mineral content. The extent of re-calcification seen in the 1/8 calvaria sample was comparable to that seen in a newborn tibia (Table I) , which shows that there is no significant difference in the extent of re-calcification seen in these two bone matrices when the same amount of bone is used.
The Calcification of Tendon by Incubation in Rat Serum or Plasma-
The above experiments demonstrate that calcification induced by incubation of demineralized tibias and calvarias in rat serum is restricted to those matrix regions that were calcified in the original bone. This pattern of calcification could indicate that agents that remained in the bone structures after demineralization promote the serum-induced calcification. Alternatively, serum-induced calcification could be specific for an extracellular matrix of type I collagen, which is the matrix found in bone, tendon, and other connective tissues. To test the second possibility, tail tendons from 40-day-old rats were incubated in 2 ml of rat serum at 37°C. Figs. 1 and 2 show that tendons that have been incubated for 6 days in rat serum stain intensely for calcification with Alizarin Red and with von Kossa, Table I shows that incubation in rat serum caused a dramatic accumulation of calcium and phosphate in tendons, and Fig. 3 shows that this tendon calcification is accompanied by a corresponding decline in serum calcium levels over the 6-day incubation period. Comparable results were also seen for tendons that had been incubated for 6 days in heparin plasma (data not shown). Tendons incubated for 6 days in a physiological buffer that contained the same concentration of ionic calcium, phosphate, and carbonate and the same pH as found in rat serum did not stain for calcification (Figs. 1 and 2) and did not cause a decrease in medium calcium or an uptake of calcium and phosphate by the tendon (data not shown).
The Calcification of Tendons and Demineralized Tibias by Incubation in DMEM Containing Different Amounts of Rat
Serum-The potency of the serum factor that initiates the re-calcification of demineralized bone was assessed by determining whether demineralized rat tibias would calcify when 3 . Calcification of demineralized rat tibia, calvaria, and tendon by incubation in rat serum: changes in serum calcium. Demineralized rat tibia, calvaria, and tendon were incubated for 6 days in 2 ml of rat serum as described in the Fig. 1 legend, and samples of medium were removed at the indicated times and analyzed to determine the levels of calcium. Serum calcium in sample incubated: E, without any tissue; f, with tibia; q, with tendon; OE, with calvarium. incubated in DMEM cell culture medium containing different amounts of rat serum. Fig. 4 shows that demineralized tibias that have been incubated for 6 days in DMEM containing 1.5 or 15% rat serum stain intensely for calcification with Alizarin Red and that the pattern of staining matches that seen in the original tibia prior to demineralization (cf. Fig. 1 ). Table II shows that demineralized tibias incubated for 6 days in DMEM containing 15% or 1.5% rat serum have dramatically increased levels of calcium and phosphate compared with tibias incubated in DMEM alone, with a 3-fold greater accumulation of calcium and phosphate at 15% serum than at 1.5% serum. Demineralized tibias that have been incubated for 6 days in DMEM containing 15% or 1.5% rat serum also stained for calcification by von Kossa; the microscopic pattern of this calcification was discontinuous, with numerous discrete calcification foci scattered in the extracellular bone matrix (not shown). The number of these foci was markedly lower for tibias recalcified in DMEM with 1.5% serum. Demineralized tibias that had been incubated for 6 days in DMEM alone, or in DMEM containing 0.15% rat serum, did not stain for calcification with Alizarin Red (Fig. 4) or von Kossa (not shown) and did not have a significant uptake of calcium and phosphate (Table II) . This experiment has been repeated using fresh and frozen rat serum, and fresh and frozen rat heparin plasma, and in each instance demineralized tibias incubated for 6 days in DMEM containing 1.5% serum or plasma became calcified, whereas tibias incubated in DMEM containing 0.15% serum or plasma did not (not shown).
Similar methods were used to assess the potency of the serum factor that initiates calcification of tendon. Tendons that were incubated for 6 days in DMEM containing 15% or 1.5% rat serum stained intensely with Alizarin Red (Fig. 4) and with von Kossa (not shown). Tendons incubated for 6 days in DMEM containing 0.15% serum also stained with Alizarin Red, but the staining was typically restricted to small regions of the tissue. Table II shows that tendons incubated for 6 days in DMEM containing 15%, 1.5%, or 0.15% rat serum have increased levels of calcium and phosphate compared with tendons prior to incubation. Tendons that were incubated for 6 days in DMEM in the absence of serum did not stain for calcification with Alizarin Red (Fig. 4) or with von Kossa (not shown) and did not have a significant uptake of calcium and phosphate (Table II) .
Evidence That the Serum Factor That Initiates Bone Recalcification Is Macromolecular-The apparent size of the serum factor that initiates bone re-calcification was examined by gel filtration over a 25-ml column of Sephacryl S100 HR. DMEM was chosen as the equilibration buffer for this column, because the studies described above (cf. Fig. 4) showed that incubation for 6 days in DMEM alone will not re-calcify demineralized bone but will do so if as little as 1.5% serum is added to it. The use of DMEM as the column buffer allowed the presence of calcification activity in effluent fractions to be assessed by simply incubating a single demineralized tibia in each 1 ml fraction volume for 6 days at 37°C. Fig. 5 shows the 280-nm absorbance profile obtained when 1 ml of rat serum was fractionated by gel filtration over the 25-ml column of Sephacryl S100HR, and Fig. 6 shows the effects of incubating single demineralized newborn rat tibias in the indicated 1-ml fractions from this column for 6 days at 37°C. As can be seen, demineralized tibias incubated for 6 days in fractions 11 and 12 had extensive Alizarin Red staining for calcification, whereas demineralized tibias incubated for 6 days in fractions 9, 10, 13, and 14 ( Fig. 6 ) or in the other fractions examined (7, 8, (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) had no Alizarin Red staining. Chemical analyses further showed that there was a dramatic accumulation of calcium and phosphate in demineralized tibias incubated for 6 days in fractions 11 and 12 (Fig. 6) , whereas there was a modest increase in calcium and no increase in phosphate for demineralized tibias incubated for 6 days in the other fractions tested (Fig. 6: fractions 9, 10, 13, and 14 ; not shown, incubation for 6 days in DMEM containing rat serum Demineralized newborn rat tibia or 3 mg of rat tail tendon were separately incubated for 6 d at 37°C in 10 ml of DMEM containing the indicated amount of rat serum, as described in the legend to Fig. 4 . Tissues were then demineralized in acid, and the acid extracts were analyzed for calcium and phosphate as described under ''Experimental Procedures.'' The results show the total amount of calcium and phosphate recovered from a single tibia or from 3 mg of tail tendon, after the indicated treatments. 4 . Calcification of demineralized rat tibia and tendon by incubation in DMEM containing different amounts of rat serum: Alizarin Red staining of whole tissue. Rat tibia and tail tendons were extracted with 0.5 M EDTA, pH 7.5, rinsed with water, and placed in 100-mm culture dishes containing 10 ml of DMEM plus the indicated amount of rat serum. Tissues were incubated for 6 days in a humidified incubator at 37°C and then stained with Alizarin Red (see "Experimental Procedures").
fractions 7, 8, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] ). An identical, modest increase in calcium was also seen in demineralized tibias incubated in column buffer alone and may reflect the presence of calcium binding macromolecules in demineralized bone matrix. If the increase in calcium and phosphate found in demineralized tibias following incubation in fraction 11 is due to the formation of a calcium phosphate mineral phase, the calculated molar ratio of calcium to phosphate in this mineral phase is about 1.6. This experiment has been repeated several times, and in each instance demineralized tibias incubated in fractions 11 and 12 showed extensive Alizarin Red staining for calcification and comparable uptake in calcium and phosphate, whereas tibias incubated in all other effluent fractions showed no evidence for calcification. Fig. 5 also shows the SDS-polyacrylamide gel electrophoresis of selected fractions from this column. As can be seen, the fraction containing the most calcification activity (fraction 11) is in the approximate elution position of albumin, the major protein of serum, and we therefore estimate the molecular mass of the serum calcification factor to be 55-150 kDa. Because demineralized tibias did not re-calcify when incubated in fractions containing proteins with molecular mass above 150 kDa (fractions 9 and 10), the serum calcification factor cannot be greater than 150 kDa. Because tibias also did not calcify when incubated in the fractions corresponding to lower molecular mass serum components (fractions 13-26), the serum calcification factor cannot have a low molecular mass. (For reference, NaCl and ionic calcium elute in fractions 24 and 25 of this chromatogram).
This gel filtration experiment was repeated to assess the potency of the serum calcification factor activity in each fraction. In this experiment, demineralized tibias were incubated for 6 days in 1 ml of medium that consisted of 0.1 ml of each fraction and 0.9 ml of DMEM. Only tibia incubated in this 1/10 FIG. 5. Gel filtration evidence that the serum calcification factor that initiates bone re-calcification is a macromolecule: Protein analyses. A 1-ml sample of serum from a 40-day-old rat was applied to a 25-ml column of Sephacryl S-100 HR equilibrated with DMEM culture medium at room temperature. The graph shows the absorbance at 280 nm for each 1 ml effluent fraction. Inset, 2-l aliquots of rat serum and of fractions 9, 11, and 14 were electrophoresed on a 4 -12% SDS-polyacrylamide gel and stained with Coomassie Brilliant Blue.
FIG. 6.
Gel filtration evidence that the serum calcification factor that initiates bone re-calcification is a macromolecule: Assays for calcification activity. Each 1-ml fraction from the Sephacryl S-100HR fractionation described in Fig. 5 was placed into a well of a 24-well tissue culture plate. A single demineralized newborn rat tibia was added to each fraction and incubated for 6 days at 37°C and 5% CO 2 . Tibias were stained with Alizarin Red, photographed, and then analyzed for calcium and phosphate (see "Experimental Procedures"). The data show the Alizarin Red staining and the amount of calcium and phosphate recovered from a tibia after incubation for 6 days in the indicated fraction. A demineralized tibia was incubated for 6 days in 1 ml of DMEM culture medium containing 15% rat serum as a positive control. As in previous studies, tibias incubated in DMEM alone showed no evidence for calcification (not shown).
dose of fractions 11 and 12 proved to be calcified. This result shows that there is sufficient calcification factor activity in fractions 11 and 12 to calcify at least 20 demineralized tibias.
Evidence for the Proteinacious Nature of the Serum Calcification Factor That Initiates Bone Re-calcification-Additional experiments were carried out to determine whether the serum calcification factor that initiates bone re-calcification is inactivated by proteases. Trypsin (0.01%) or chymotrypsin (0.01%) were added to 10 ml of DMEM containing 5% rat serum, and the solutions were preincubated for 24 h at 37°C. A single demineralized tibia was then added to each 10-ml volume, and the solutions were incubated at 37°C for another 6 days. As can be seen in Fig. 7A , demineralized tibias incubated in solutions containing 5% serum plus 100 g/ml trypsin or 100 g/ml chymotrypsin did not calcify, whereas tibias incubated in solutions containing 5% serum alone calcified extensively. To assess the effect of preincubation with proteases on the integrity of serum proteins, medium obtained at the end of the 24-h preincubation step was subjected to SDS gel electrophoresis. As seen in Fig. 7B , trypsin and chymotrypsin both caused extensive proteolytic cleavage of serum proteins.
These results demonstrate that protease treatment cleaves serum proteins and prevents the serum-induced re-calcification of demineralized bone but do not actually prove that the proteases prevent serum-induced bone re-calcification by acting on the serum calcification factor itself rather than on the matrix of the demineralized tibia. To address this question, tibias were incubated for 6 days in DMEM containing 100 g/ml trypsin or in DMEM alone. Tibias were then washed with fresh medium (to remove trypsin) and incubated for another 6 days in DMEM containing 5% rat serum and no added trypsin. This experiment showed that there was comparable Alizarin Red staining for calcification in tibias preincubated for 6 days in DMEM plus trypsin and in tibias preincubated for 6 days in DMEM alone and comparable uptake of calcium and phosphate by the tibias (data not shown). These results demonstrate that trypsin treatment prevents the serum-dependent re-calcification of bone by inactivating the serum calcification factor itself, not by affecting bone matrix. Fig. A (see Supplemental Data) shows the FTIR spectra of newborn rat tibia and of demineralized tibias that had been re-calcified by incubation for 6 days in either rat serum or in DMEM containing 5% rat serum. The spectra show the amide I and II peaks, which characterize the protein component of the bone matrix, and the phosphate and carbonate peaks, which characterize the mineral component. The ratio of the heights of the phosphate and carbonate peaks compared with the heights of the amide peaks is indicative of the extent to which the organic matrix has become mineralized. Although it is clear from an examination of the spectra that the re-calcified samples did not achieve the same degree of calcification as newborn bone, the spectra are very similar in their overall characteristics. The spectra also show that there was more mineral in the bone that was recalcified in DMEM containing 5% rat serum than was present in the matrix that was incubated in serum only.
Evidence That the Mineral Formed in the Serum-induced Re-calcification of Demineralized Bone Is Comparable to the Mineral Originally Found in Bone-
Identification of Initial Events in the Serum-induced Recalcification of Demineralized Tibia-
The above experiments demonstrate that the presence of serum is critical to calcification in DMEM but do not provide information on when serum acts. Experiments were therefore carried out to determine the effect of pre-treating tibias with serum on their subsequent calcification in DMEM. In the initial experiment, demineralized newborn rat tibias were incubated for 24 h in serum, for 5 days in DMEM, or for 24 h in serum followed by 5 days in DMEM. As can be seen in Fig. 8 , there is no accumulation of
FIG. 7. Effect of trypsin or chymotrypsin on the serum-induced re-calcification of bone.
A, 10 ml of DMEM containing 5% rat serum by volume was preincubated for 24 h at 37°C and 5% CO 2 with 100 g/ml trypsin, 100 g/ml chymotrypsin, or no added protease. A fourth sample of DMEM alone was also prepared. After the 24-h preincubation, a single demineralized newborn rat tibia was added to each sample and incubated for 6 days at 37°C and 5% CO 2 . Tibias were stained with Alizarin Red, photographed, and then analyzed for calcium and phosphate. The data show the Alizarin Red staining and the amount of calcium and phosphate recovered from each tibia. B, after the 24-h preincubation step, aliquots of each medium were electrophoresed on a 4 -12% SDS-polyacrylamide gel and stained with Coomassie Brilliant Blue (see "Experimental Procedures").
calcium phosphate mineral after incubation in DMEM alone, and a small, but significant accumulation of a calcium phosphate mineral after incubation for 24 h in serum alone. In contrast, there is a dramatically increased amount of calcium phosphate accumulation after 24 h in serum followed by 5 days in DMEM, an amount far greater than the sum of the accumulation seen after incubation for 5 days in DMEM plus the accumulation seen after incubation for 24 h in serum. This synergistic effect of serum pre-treatment on calcification suggests that serum pre-treatment commits the demineralized tibia to further calcium and phosphate accumulation during subsequent incubation in DMEM. Interestingly, the final level of calcium and phosphate in tibias incubated for 24 h in serum followed by 5 days in DMEM is comparable to that present in tibias prior to demineralization (Table I) , and the re-mineralized tibias are palpably hard. Because incubating tibias in a second 10-ml volume of DMEM did not significantly increase their calcium and phosphate content and did not calcify cartilage or periosteal structures, it appears that the capacity of demineralized bone to take up mineral is equal to the original mineral content of the tibia (data not shown).
Additional experiments were carried out to determine the minimum time of serum pre-treatment needed for the subsequent re-calcification of demineralized tibias during the 5 days incubation in DMEM. As seen in Fig. 9 , the minimum preincubation time was about 12 h, and further increasing the preincubation time in serum produces a progressive increase in the amount of calcium and phosphate in the tibia after 5 days incubation in DMEM. Surprisingly, there was no accumulation of calcium and phosphate in tibias pre-treated with serum for 9 h or less and then incubated for 5 days in DMEM (Fig. 9) . The results of Alizarin Red staining for calcification confirmed the presence of calcification in tibias pre-treated with serum for 24 h and then incubated for 5 days in DMEM, and the absence of calcification in tibias pre-treated with serum for only 9 h and then incubated for 5 days in DMEM (not shown).
To further characterize the initial steps in the serum-induced re-calcification of bone, tibias were examined by Alizarin Red staining after different times of pre-treatment in rat serum. This experiment showed that tibias that were pre-treated in serum for 24 h stained with Alizarin Red, whereas tibias pre-treated for only 9 h did not stain (not shown). This staining pattern was seen in subsequent experiments, and in all instances tibias pre-treated with serum for 12 h or longer stained with Alizarin Red, whereas tibias pre-treated with serum for 9 h or less did not stain with Alizarin Red. These results indicate that formation of a mineral phase that can stain with Alizarin Red during pre-treatment with serum predicts subsequent calcium and phosphate accumulation during incubation in DMEM (Fig. 9) .
Von Kossa staining was also used to characterize the critical initial steps in the serum-induced re-calcification of bone. As seen in Fig. B (Supplemental Data) , pre-treatment with serum for 24 h resulted in numerous minute calcification foci throughout the demineralized bone matrix and the absence of foci in the periosteum and osteocyte lacunae. The largest calcification foci are located in the bone adjacent to the periosteum, which suggests that the growth of the foci could be limited by diffusion of calcium and phosphate into the matrix. In contrast, there was no evidence for calcification foci in the bone matrix of tibias incubated in serum for only 9 h (Supplemental Fig. B) . These results indicate that formation of discrete mineral foci that can stain with von Kossa during pre-treatment with serum ( Supplemental Fig. B ) also predicts subsequent accumulation of calcium and phosphate during subsequent incubation in DMEM (Fig. 9) . It seems likely that the accumulation of calcium and phosphate during incubation in DMEM reflects the growth of the initial foci present after the 24-h preincubation in serum.
In principle, the failure of pre-treatment in serum for 9 h or less to cause Alizarin Red staining, von Kossa staining, or subsequent mineralization during incubation in DMEM could be explained either by time-dependent changes in the formation of the mineral phase, or time-dependent changes in the activity of the putative calcification factor in serum. Additional experiments were accordingly carried out to see if incubation of serum in the absence of tibias might be necessary to activate the calcifying activity found serum. Freshly obtained serum was incubated at 37°C for 18 h and then used to pre-treat tibias for 9 or 24 h. The tibias were then incubated in DMEM for 5 days. This experiment showed that tibias incubated in pre-treated serum for 24 h calcified, whereas tibias incubated in pre-treated serum for only 9 h did not calcify (not shown). These results show that the failure of pre-treatment for 9 h or less to cause calcification during subsequent incubation for 5 days in DMEM must be due to time-dependent changes in the mineral phase not to changes in the activity of the calcification factor in serum caused by incubation at 37°C.
The Total Re-calcification of Weanling Rat Tibia-A final experiment was carried out to determine whether the seruminitiated re-calcification of bone could restore the mineral content of bone to its original level prior to demineralization. One-centimeter segments were cut from the midshaft region of tibias from 22-day-old rats and demineralized in EDTA. Each demineralized tibia segment was then incubated separately in 2 ml of rat serum for 3 days at 37°C to initiate the re-calcification reaction. This incubation step resulted in extensive Alizarin Red staining for calcification (not shown) and the incorporation of about 4 mol of calcium and 2.5 mol of phosphate into the bone matrix. Examination of von Kossa-stained sections of these tibias showed the presence of numerous brown calcification foci scattered throughout the demineralized bone matrix; in the representative section shown in Fig. 10 there are about 800 calcification foci, and the foci range from 0.2 to 2 m in size. The counterstain used in this study, nuclear fast red, stains cytoplasm and the demineralized bone matrix pink and cell nuclei red. Osteocyte lacunae, which have a roughly spherical shape with a diameter of about 10 m, appear as 5-to FIG. 8 . Effect of preincubation in rat serum on the subsequent calcification of tibias in DMEM. Single demineralized newborn rat tibias were incubated for 5 days in 10 ml of DMEM, for 24 h in 2 ml of rat serum, or for 24 h in 2 ml of rat serum followed by 5 days in 10 ml of DMEM. Tibias were then demineralized in acid, and the acid extracts were analyzed for calcium and phosphate (see "Experimental Procedures"). The data show the amount of calcium and phosphate recovered from each tibia, as well as the amount of calcium and phosphate found in a newborn rat tibia prior to demineralization.
12-m diameter holes in this 5-m-thick section. The size, shape, and number of osteocyte lacunae seen in the present study are in agreement with the results of earlier studies of demineralized rat cortical bone (9) . There was no evidence for calcification in the osteocyte lacunae or blood vessels in any of the tibia sections examined. FIG. 9 . Determination of the minimum preincubation in rat serum required for the subsequent calcification of tibias in DMEM culture medium. Demineralized newborn rat tibias were incubated for the indicated times in 2 ml of rat serum and then placed in 10 ml of DMEM for a period of 5 days. Tibias were then demineralized in acid, and the acid extracts were analyzed for calcium and phosphate (see "Experimental Procedures"). The data show the amount of calcium and phosphate recovered from each tibia.
FIG. 10.
Effect of incubating weanling rat tibias in serum for 3 days on histological staining for calcification. Tibias were dissected from 22-day-old rats, cut to obtain 1-cm sections of the midshaft, freed of marrow and cancellous bone, and demineralized with EDTA. Tibias were then incubated in 2 ml of rat serum for 3 days and fixed in ethanol. 5-m-thick cross sections were stained by von Kossa (stains calcification brown to black) and counterstained by nuclear fast red (stains collagen matrix and cytoplasm pink and nuclei red). BV, blood vessel; OCL, osteocyte lacuna; M, calcification foci. Magnification, ϫ1000; the bar denotes 10 m.
To foster further growth of the calcification foci introduced into the bone matrix by incubation in serum, each tibia was then placed into 20 ml of 25 mM HEPES buffer, pH 7.4, containing 1 mM calcium, 3 mM phosphate, 100 mM NaCl, and 30 mM NaHCO 3 , and the tibias were incubated at 37°C. Medium was exchanged for fresh medium every other day for 1 month, and the progress of the re-calcification reaction was monitored by depletion in medium calcium and uptake of calcium by the tibias. Calcium uptake by the tibias was initially rapid, diminished with time, and could no longer be demonstrated by 30 days.
4 Fig. 11 shows that the re-calcification process restored most of the weight originally found in the tibia and restored somewhat more calcium and phosphate than originally found in the tibia. The molar calcium to phosphate ratio of the recalcified tibias was 1.61, which is higher than the 1.50 ratio found here for the original tibias prior to demineralization but comparable to the 1.65 ratio found in other studies for the bone of adult mammals (10, 11) . Supplemental Fig. C shows that the radiographs of the re-calcified weanling rat tibias were comparable to radiographs of tibias prior to demineralization. This result demonstrates that the distribution and density of recalcification match that of the original tibia prior to demineralization. The powder x-ray diffraction spectrum of the recalcified tibias is that expected for hydroxyapatite (Fig. D,  Supplemental Data) , and the FTIR spectrum of the re-calcified tibias is comparable to the FTIR spectrum of the original tibias prior to demineralization (not shown).
DISCUSSION
Evidence for a Factor in Rat Serum That Initiates the Recalcification of Demineralized
Bone-The present studies show for the first time that demineralized newborn rat bone calcifies rapidly when incubated in rat serum or heparin plasma at the temperature, carbonate concentration, and pH of rat blood. The re-calcification of demineralized bone is remarkably specific for those regions of bone matrix that were calcified prior to demineralization, and we have not seen an instance in which regions of the demineralized newborn rat tibia or calvaria that were calcified in the original bone did not re-calcify when incubated in serum, nor have we seen an instance in which regions that were not calcified in the original bone became calcified during incubation in serum. Identical re-calcification was seen in newborn rat tibias that were demineralized with 0.5 M EDTA, pH 7.5, or with 150 mM HCl, and in demineralized tibias that were further extracted with acetone followed by 6 M guanidine HCl. Efficient re-calcification was also seen with demineralized tibias from weanling rats (Figs. 10 and 11) and with demineralized bovine cortical bone sand (personal observations). There is therefore nothing unique about the species of animal from which the bone matrix was obtained, the age of the animal, the physical structure of the bone, or the method of demineralization. The matrix of demineralized bone calcifies in serum.
The potency of the serum agent (or agents 1 ) that initiates the re-calcification of demineralized bone matrix was assessed by examining the effects of diluting serum into DMEM culture medium. This experiment showed that the re-calcification of demineralized bone occurs during 6-day incubation in DMEM containing as little as 1.5% rat serum, but not in DMEM containing 0.15% rat serum or in serum-free DMEM. Because the addition of only 1.5% serum to DMEM has a trivial impact on the calcium and phosphate content of the final solution yet causes dramatic calcification of bone, the serum-induced recalcification of demineralized bone cannot be caused by an effect of serum on the ionic milieu of DMEM but must instead be caused by a potent calcification agent that is present in serum.
The histological appearance of the re-calcification of demineralized bone following incubation in either serum alone, or in medium containing 1.5% or 15% serum, is invariably discontinuous, with numerous calcification foci scattered throughout the bone matrix. The density of these foci in bone is in the order 100% serum Ͼ 15% serum Ͼ 1.5% serum, which suggests that each foci may reflect a discrete nucleation event initiated by the putative serum calcification factor. The activity of the serum calcification factor does not dilute in DMEM in a regular, monotonic fashion, however, as might have been expected for a single calcification factor acting alone. This is shown by the observation that de- 4 This experiment has been repeated using bovine cortical bone sand that was 0.25-0.425 m in size and was demineralized with EDTA. Substitution of 4 mg of this demineralized bone sand for the 1-cm segments of the weanling tibia midshaft resulted in a similar time course of re-calcification, with cessation of calcium uptake by the matrix after 30-day incubation in the HEPES buffer. The final amount of calcium and phosphate recovered in the bone sand was, within error, the same as that found in the equivalent amount of bone sand prior to demineralization. These observations indicate that the size of the bone matrix particles has no appreciable effect on the extent of the recalcification process. Five tibias from each group were then demineralized in acid, and the resulting extracts were analyzed for calcium and phosphate. The graph shows the mean Ϯ S.D. for the weights of the 10 tibias in each group and for the calcium and phosphate in a subset of five tibias from each group. Initial Tibia, tibias that were not demineralized. Re-calcified Tibia, demineralized tibias that were pre-treated with serum for 3 days and then incubated in buffer for 30 days. Demineralized Tibia, demineralized tibias that were incubated for 30 days in buffer without serum pre-treatment. mineralized newborn rat bone matrices incubated for 6 days in DMEM containing 1.5% rat serum have innumerable calcification foci in von Kossa stained sections, whereas demineralized bone matrices incubated in the same media containing 0.15% serum have no calcification foci at all, not simply 10% of the number seen at 1.5% serum as would be anticipated from simple dose dilution of the putative serum calcification factor. The same result has also been seen with other demineralized bone matrices, such as ground calf bone and weanling rat tibia, and in each instance there are numerous discrete calcification foci in bone following incubation for 6 days in DMEM containing 1.5% serum and none after incubation in DMEM containing 0.15% serum (personal observations).
Evidence That the Putative Serum Calcification Factor May Be Specific for the Calcification of a Type I Collagen Matrix-
The observation that the re-calcification of demineralized bone in serum, or in medium containing small amounts of serum, is invariably specific for those regions of the bone matrix that were originally calcified could indicate that agents remain in the bone structures after demineralization that promote serum-induced calcification. Alternatively, serum-induced calcification could be specific for the chemical nature of the extracellular matrix of bone, type I collagen. In the present study, we have tested the second hypothesis by examining the possible calcification of rat tail tendon, a matrix that also consists of type I collagen but does not calcify in vivo, during incubation in rat serum and plasma. Because tendon consistently calcified after incubation in rat serum and plasma and in physiological media containing 1.5% rat serum, we tentatively conclude that the specificity of serum-induced re-calcification of demineralized tibia and calvaria may be related to the distribution of type I collagen matrix in these tissues. If this hypothesis is true, the pattern of type I collagen calcification in an animal may be explained by exclusion of serum calcification factor and/or the local production of calcification inhibitors within those matrices that do not normally calcify (e.g. tendon), and by the local production of high levels of calcification factor within those matrices that do calcify (e.g. bone).
Relationship between the Serum-dependent Re-calcification of Demineralized Bone and Earlier Studies Showing That Bone
Can Be Re-calcified in the Absence of Serum-Previous studies have shown that the type I collagen matrices of demineralized bone and tendon will calcify when incubated in suitable test solutions at physiological pH and temperature (12) (13) (14) , and these observations have led to the conclusion that type I collagen matrices are predisposed to calcify. Because the test solutions used in these early experiments contained no serum, the fact that the matrices of tendon and demineralized bone clearly calcified might appear to invalidate the present conclusion that serum plays a critical role in matrix calcification. These earlier studies utilized a 3.75 mM calcium concentration (12-14), however, which is far higher than calcium concentrations in the buffers used in the present study (1.8 and 1 mM) and far higher than the concentration of ionic calcium in serum (1 mM). In addition, the calcium phosphate ionic product used in these earlier studies was 6.3 mM 2 (12-14), which is well above that in DMEM (3.6 mM 2 ) or rat serum (3 mM 2 ). There is, to our knowledge, no report that demineralized bone can be re-calcified in the absence of serum by incubation in buffers that contain physiological levels of calcium, phosphate, and pH.
The high calcium concentration and high calcium phosphate ion product conditions used in these earlier serum-free studies resulted in the occasional precipitation of mineral in the absence of the addition of matrix (12, 13), a precipitation never observed in the present study with DMEM. This observation indicates that the high calcium phosphate ion product conditions used for serum-free re-calcification of demineralized bone in these early studies are at or near the threshold for the spontaneous precipitation of a mineral phase. We have here shown that demineralized bone matrices do not re-calcify when incubated in serum-free solutions that contain physiological levels of calcium, phosphate, and pH and that, therefore, have a calcium phosphate ion product that is well below the threshold for the spontaneous precipitation of a mineral phase. The novel discovery of the present studies is that solutions that contain physiological levels of calcium, phosphate, and pH can be made to support the re-calcification of demineralized bone by the addition of as little as 1.5% rat serum. Our working hypothesis is that the role of the serum calcification factor in re-calcification is to lower the ion product necessary for the formation of a mineral phase within a type I collagen matrix from the 6.26 mM 2 value found in the absence of serum, to the 3.6 mM 2 value found in DMEM containing as little as 1.5% serum.
Biochemical Characterization of the Serum Calcification Factor That Initiates the Re-calcification of Bone-The present studies provide information on the chemical nature of the serum calcification factor that initiates the re-calcification of demineralized bone. Gel filtration experiments show that the serum calcification factor is a macromolecule that emerges from a Sephacryl S-100HR column in the position of serum proteins with an apparent molecular mass of 55-150 kDa. Additional experiments show that the activity of the serum calcification factor is completely abolished by treatment with trypsin or chymotrypsin. These results strongly suggest that the serum calcification factor that initiates the re-calcification of bone consists of one or more proteins of 55-150 kDa apparent molecular mass.
Experiments carried out using different times of pre-treatment in serum followed by incubation for 5 days in serum-free DMEM show that the unique activity of the serum calcification factor is its ability to generate numerous discrete calcification foci throughout the bone matrix and that the subsequent growth of these nuclei occurred rapidly in DMEM in the complete absence of serum. The introduction of nucleation centers within the matrix during incubation in serum does not, however, follow the typical first order kinetics that might be anticipated for a single agent catalyzing a rapid transition to a single mineral phase. There is, instead, a puzzling 9-h lag between the contact of serum with the tibia and the initiation of the first mineral that can be detected by Alizarin Red or von Kossa staining, and the first mineral phase that is competent to grow during subsequent incubation in DMEM. The simplest explanation for this observation is that the one or more putative serum calcification factors must remain associated with a single nucleation event for a prolonged period before this calcification center has acquired the properties of staining and ability to grow in DMEM.
The continued uptake of calcium and phosphate by a demineralized tibia ceases when the amount of calcium and phosphate introduced into the matrix is comparable to that present in the original bone prior to demineralization (Fig. 11) . 4 In addition, radiographs of the re-calcified tibias show that bone mineral density is identical to that seen in the original bone prior to demineralization (Supplemental Fig. C) . These observations suggest that the extent of serum-induced bone re-calcification and normal bone mineralization may be subject to similar physical constraints. Because previous studies have shown that most bone mineral lies within the collagen fiber (15) , this constraint could be the finite space that exists within the collagen fibers of the organic bone matrix.
Summary-The present studies show for the first time that serum contains a potent calcification factor that initiates the re-calcification of demineralized bone and provide evidence that this factor is a protein of 55-150 kDa molecular mass. The matrix specificity of serum-initiated bone re-calcification exactly duplicates the gross and microscopic location of mineral found in the original bone. The extent of re-calcification is finite, and the final mineralization density is comparable to that of the original bone. The nature of the mineral phase introduced in the serum-initiated re-calcification of bone is comparable in XRD and FTIR spectra to that originally found in the bone prior to demineralization. Taken together, these observations strongly suggest that serum-initiated re-calcification of demineralized bone could be identical to, or closely similar to, the process by which bone matrix is normally mineralized. Many questions remain, however. Although the present assay employs an arguably physiologically relevant fluid, serum, or plasma, the calcifiable matrix is a demineralized bone that lacks cells as well as some non-collagenous bone proteins. It is not yet clear that this assay system is a reasonable model for matrix mineralization in living bone, and one must therefore be cautious in extrapolating the present findings to normal bone mineralization. Future studies will clearly be needed to identify the protein (or proteins) that are involved in serum-initiated bone re-calcification and to determine whether this protein (or proteins) participates in normal bone mineralization, ectopic calcifications, and/or other calcification processes. Figure A . FTIR spectra of newborn rat tibias and of demineralized rat tibias after recalcification in rat serum or in DMEM containing 5% rat serum. Ten demineralized newborn rat tibias were each re-calcified by incubation for 6d in 2ml of rat serum, and 10 demineralized newborn rat tibias were each re-calcified by incubation for 6d in 10ml of DMEM containing 5% rat serum. The diaphyseal bone was removed from each re-calcified tibia and from 10 non-demineralized newborn rat tibias and immediately dried. The dried diaphyseal bone was ground and examined by FTIR. Figure C. Radiographs of weanling rat tibia midshafts before demineralization, and after demineralization followed by serum-initiated re-calcification. Tibias were dissected from 22 day old rats, cut to obtain 1cm sections of the midshaft, and freed of marrow and cancellous bone. Top row: radiographs of 10 tibias before demineralization. Bottom row: radiograph of 10 tibias after demineralization in EDTA followed by incubation for 3d in rat serum to initiate calcification and subsequent incubation for 30d in 20ml of 25mM HEPES buffer pH 7.4 containing 1mM calcium, 3mM phosphate, 100mM NaCl, and 30mM NaHCO 3 (with medium change every other day). As a control, 10 demineralized tibias were also incubated in the HEPES buffer for 30d but were not pre-treated with serum; these tibias could not be detected on the radiograph at this setting and are therefore not shown. Figure D . Powder X ray diffraction spectrum of weanling rat tibia midshafts before demineralization, and after demineralization followed by serum-initiated re-calcification.
SUPPLEMENTAL DATA
Five tibias prior to demineralization and 5 tibias after demineralization followed by seruminitiated re-calcification (see Figure 10) were separately pooled and ground in an agate mortar.
The X ray diffraction spectrum of each powder was determined with a Scintag SDF 2000 X ray diffractometer.
